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adenylate cyclase; phosphodiesterase; juxtaglomerular; renin activity CAMP is an important second messenger involved in many biological processes. cAMP is derived from ATP and underlies intracellular signal transduction in many different organisms, conveying the cAMP-dependent pathway. 1 Renin is the ratelimiting step in the process of converting angiotensinogen to angiotensin I (ANG I), which is further hydrolyzed to angiotensin II (ANG II). Renin production in juxtaglomerular cells is tightly regulated at the transcriptional, posttranscriptional, and translational phases. Intracellular signals (e.g., cAMP, cGMP, and free cytosolic [Ca 2ϩ ] i ) are predominantly involved in the regulation of renin release. Among these second messengers, the cAMP signaling cascade appears to be the central and direct pathway for the exocytosis of renin. All maneuvers that increase cellular cAMP levels, such as activation of adenylate cyclase (AC), inhibition of cAMP phosphodiesterases (PDE), and addition of membrane-permeable cAMP analogs stimulate renin secretion (17) . The effect is abolished by pharmacological blockade of protein kinase A (3), indicating that cAMP stimulates renin exocytosis via phosphorylation of downstream molecular targets. This pathway thus explains the physiologically relevant stimulatory regulation of renin secretion by renal sympathetic nerves and circulating catecholamines that act via ␤1-adrenoreceptors (7).
Hydrogen sulfide (H 2 S) has been positioned as the third gasotransmitter being discovered subsequent to nitric oxide and carbon monoxide (18) . In the cardiovascular system, H 2 S was generated predominantly by cystathionine-␥-lyase (CSE) (18) . In addition, ϳ46 mol/l H 2 S was detected in rat serum (22) , whereas ϳ52 mol/l H 2 S was detected in human serum (10) . However, more recent estimates indicate that the concentration of H 2 S in the brain or plasma may be much lower, probably in the nanomolar range. Ishigami et al. (9) found that H 2 S in the brain is undetectable using gas chromatography with a detection limit of 9.2 M, where powdered silver was employed to absorb H 2 S; and N 2 gas, thiourea, as well as H 2 SO 4 were applied to release H 2 S. Furne et al. (6) reported that free H 2 S level in the brain is ϳ14 nM by gas chromatography. In our previous study, we have demonstrated that H 2 S negatively regulates ␤-adrenoreceptor-mediated AC activation and cAMP production in cardiomyocytes and the aorta (12, 21) . Furthermore, H 2 S decreased renin-related blood pressure elevation in renal hypertensive rats (13) . Therefore, we proposed that H 2 S may modulate renin exocytosis via controlling cAMP signaling cascade. First, we made use of an immortalized renin-containing renal tumor cell line (the As4.1 cells) to examine the cAMP signaling cascade. We found that both exogenously applied and endogenously produced H 2 S suppresses renin degranulation via regulation of intracellular cAMP level by inhibiting AC activity and stimulating PDE activity in As4.1 cells. The regulation of cAMP-dependent renin release by H 2 S was further confirmed with the rat renin-rich kidney cells.
EXPERIMENTAL PROCEDURES
The experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of National University of Singapore.
Isolation of renin-rich kidney cells. Male SD rats weighing 180 -250 g were used and the method was described as in previous publications (1, 11) . Briefly, kidneys were aseptically removed, perfused with enzymes in Krebs buffer consisting of (in mM) 111 NaCl, 5.0 KCl, 1.0 NaH 2PO4, 11.2 glucose, 25 NaHCO3, 0.54 MgCl2, 2.5 CaCl 2, and 0.1% bovine serum albumin, 0.1% collagenase (Type I; Sigma), and 0.017 mg/ml DNase (Type IV; Sigma). The kidneys were then decapsulated, and the papilla was removed. Each kidney was cut into longititudinal halves followed by mincing cortices with a scalpel blade to obtain tissue pieces of about 1 mm 3 size. The minced tissue was suspended and incubated in the enzyme solution at 37°C for 90 min, and enzyme activity was terminated by dilution (1:10) with 20% fetal bovine serum. Suspension was filtered with a 105-m nylon mesh. Cell suspension was centrifuged at 250 g for 2 min and resuspended in a 40% Percoll solution (Sigma) followed by ultracentrifugation at 29,000 g for 20 min at 4°C. Typically, the cells were separated by density into several visible layers (11) . A tube containing standard density beads (reconstituted according to directions from Pharmacia Fine Chemicals, Uppsala, Sweden) was also placed in the same rotor and spun simultaneously. The sedimentation density of individual cell layers was determined by comparison with the location of the colored density marker beads (11) . The third band from the top with a density of 1.067 g/ml was then harvested by aspiration. Cells were washed for three times with enzyme-free Krebs buffer to ensure cells were free from Percoll and then cultured in medium containing 10% fetal bovine serum.
For immunofluorescent staining of isolated renin-containing juxtaglomerular cells, cells were resuspended in 3.7% formaldehyde for fixation. After being incubated for 10 min at room temperature, cells were diluted with PBS and spun down. Resuspended cells were permeabilized with 0.1% Triton X-100 for 2 min. Permeabilized cells were again diluted and spun down, and cell density was counted. The fixed and permeabilized cells were loaded onto cytospin slides that were mounted with cuvettes and filter pads assembled in a metal rack and centrifudged at 2,000 rpm for 3 min (Thermo Scientific Cytospin 4 Cytocentrifuge). The slides were then dried and fixed before immunohistochemistry staining procedures were carried out. Figure 1 shows the renin-rich kidneys cells isolated from the cell layer with a density of 1.067 g/ml (Fig. 1A) and from the cell layer with density of 1.033 g/ml (Fig. 1B) in the Percoll separation. Strong red fluorescence was detected with anti-renin antibody in most cells in the layer with a density of 1.067 g/ml (Fig. 1A) but not in those cells from 1.033 g/ml (Fig. 1B) .
Culture of As4.1 cells and transfection. As4.1 cells were obtained from the American Type Culture Collection (ATCC, CRL2193), cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO-BRL Life Technologies) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin, and incubated at 37°C in a humidified 5% CO 2-95% air atmosphere.
As4.1 cells (1 ϫ 10 5 ) were cultured in six-well plates. Cells were transfected with mammalian expression vector pIRES2-EGFP containing CSE (CSE-pIRES2-EGFP; a gift from Dr. Rui Wang). The plasmid contains the internal ribosome entry site (IRES) located between the enhanced green fluorescent protein (EGFP) and coding region and gene of interest (CSE). The cloning of CSE-pIRES2-EGFP was shown in the previous publication (20) . Transfection of cells with green fluorescent protein (GFP) alone acts as a control. After transfection for 24 h, cells were washed twice with Krebs solution and then treated with isoproterenol (Iso, 10 nM) for 15 min. The supernatant was collected for measurement of H 2S or renin, whereas cells were collected for mRNA detection or Western blots.
Intracellular cAMP assay. To examine the involvement of cAMP, a direct cAMP enzyme immunoassay kit (Cayman Chemical) was used (12, 21) . Briefly, As4.1 or rat renin-rich kidney cells were incubated in Krebs solution containing different concentrations of NaHS (0.1-10 mol/l) for 5 min, followed by application of forskolin (1 mol/l), an AC activator, Iso (10 nmol/l), a ␤-adrenoceptor agonist, or 3-isobutyl-1-methylxanthine (IBMX, 100 mol/l). After 15 min of incubation, cells were lysed in 0.1 mol/l HCl in ice for 20 min and then centrifuged at 1,000 g for 10 min. Trichloroacetic acid (TCA) was extracted from the supernatant using water-saturated ether. Samples of 50 l were added into 96-well plate followed by incubation with cAMP AchE tracer and cAMP antiserum for 18 h at 4°C. Samples were developed by Ellman's reagent and read at wavelength of 405 nm.
Cell fractionation and AC activity assay. The cell fractionation technique was adopted from literature (14, 19) and described in our previous publication (21) . Briefly, the AC activity assay was performed at 37°C for 10 min in a 400-l reaction mixture containing 1 mmol/l ATP, 100 mmol/l NaCl, 50 mmol/l HEPES, 0.5 mmol/l IBMX, 6 mmol/l MgCl 2, 1 mol/l GTP, and 20 g membrane protein.
In the forskolin group, samples were treated with forskolin (100 mol/l) for 10 min. In forskolin ϩ NaHS group, NaHS (10 mol/l) was given 5 min before and during forskolin treatment. Reactions were stopped by addition of 0.6 ml of TCA (10% wt/vol). The accumulation of cAMP was later measured with a cAMP EIA kit.
Detection of PDE activity. PDE activity was detected with a PDE-Glo phosphodiesterase assay kit (Promega, Madison, WI). Briefly, cAMP at a final concentration of 1 mol/l was used as substrates. PDE-Glo termination buffer containing PDE inhibitor IBMX was added to inhibit most PDEs. After addition of PDE-Glo detection solution and kinase-Glo reagent, luminescence was measured using a plate-reading luminometer. The light output is proportional to PDE activity in the reaction. Reverse transcription-polymerase chain reaction analysis. Reverse transcription-polymerase chain reaction (RT-PCR) was performed by LightCycler (Roche Diagnostics). Gene expression was normalized to the endogenous control GAPDH mRNA in each sample. The following primers were used. For CSE: sense 5=-GACCTCAATAGTCG-GCTTCGTTTC-3=, antisense 5=-CAGTTCTGCGTATGCTCCGTA-ATG-3=. For cystathionine-␤-synthase (CBS): sense 5=-GATTTG ATTCCCCCGA GTCCCAG-3=, antisense 5=-CACTTATCCACCA-CCGCCCTGTC-3=. For PDE4A: sense 5=-CTCGCACAAGTT-CAAAAGGATG-3=, antisense 5=-GCCTC CAGCGTAATCCGACA-3=. For PDE4B: sense 5=-GACATTGCAACAGAAGACA AGTC-CCC-3=, antisense 5=-ACTCAAGTAACTGAAGGCCAGGTGG-3=. For GAPDH: sense 5=-TGAACGGGAAGCTCACTGG-3=, antisense 5=-TCCACCAC CCTGTTGCTGTA-3=. RT-PCR was performed at 50°C for 30 min and at 95°C for 15 min, followed by 30 cycles of denaturation (94°C for 45 s), annealing (63°C or 55°C for GAPDH, for 45 s), and extension (72°C for 45 s). A final extension was performed at 72°C for 10 min. Afterwards, the PCR products were separated by electrophoresis on 1.5% agarose gel. Fig. 2 . Effect of NaHS (0.1-10 M) on cAMP production in As4.1 cells. NaHS (0.1-10 M) significantly inhibited the rise of intracellular cAMP level induced by isoproterenol (A), forskolin (B), and 3-isobutyl-1-methylxanthine (IBMX, C), respectively. n ϭ 4 -6. ##P Ͻ 0.01 and ###P Ͻ 0.001 vs. control, *P Ͻ 0.05, ***P Ͻ 0.001 vs. isoproterenol, forskolin, or IBMX. Fig. 3 . Effect of NaHS on the activities of adenylyl cyclase (AC) and phophodiesterase (PDE) and the expression of PDE4A and PDE4B. A: NaHS (10 M) attenuated forskolin-stimulated AC activity. n ϭ 8 -11. **P Ͻ 0.01 vs. control, ###P Ͻ 0.001 vs. forskolin. B: NaHS (10 M) stimulated PDE activity, whereas IBMX significantly inhibited PDE (n ϭ 8). C: NaHS at higher concentration (1,000 M) upregulated the mRNA level of PDE4B. *P Ͻ 0.05, **P Ͻ 0.01 vs. control, ##P Ͻ 0.01 vs. 10 M of NaHS.
Measurement of renin activity. Renin activity was measured in National University Hospital of Singapore with radioactive immunoassay by ANG I radioimmunoassay kit. Briefly, culture medium was kept at 4°C in the EDTA-coated tubes and collected by centrifuging at 2,000 g for 10 min. Then 500 l of sample, 10 l PMSF, and 50 l ANG I generation buffer (containing abundant amount of angiotensinogen, 4 ml citrate buffer solution, stabilizers, preservatives, and an inert blue dye) were added into noncoated generation tubes to generate ANG I. After incubation for 90 min at 37°C, the generation tubes were immediately placed in an ice bath. The following assay was performed at room temperature: 50 l of sample or calibrator and 500 l of tracers were added to the bottom of tubes that were coated with the hormone labelled with 125 I [radioactivity is 81 kBq (2.
Western blotting. Cells were washed twice with PBS after treatment and solubilized in RIPA lysis buffer (Cell signaling). Protein samples (30 g) were separated by 10% SDS/PAGE and transferred on to a nitrocellulose membrane (Amersham Biosciences). The membrane was incubated with anti-renin and ␤-actin primary antibodies (1:1,000) at 4°C overnight, followed by incubation with 1:10,000 dilutions of horseradish peroxidase-conjugated anti-rabbit IgG at room temperature for 1 h. Visualization was carried out using an ECL kit (advanced chemiluminescence; GE Healthcare). The intensity of the bands on Western blots was quantified by densitometry analysis of the scanned blots using ImageQuant software.
Measurement of H 2S. H2S concentration in cell culture medium was measured as described in our previous publications (2, 8, 16) . Briefly, aliquots (200 l) of medium were mixed with potassium phosphate buffer (pH 7.4, 350 l), zinc acetate (1% wt/vol, 250 l), followed by incubation with N,N-dimethyl-p-phenylenediamine sulfate (20 mM, 133 l) in 7.2 M HCl and FeCl 3 (30 mM, 133 l) in 1.2 M HCl. Reactions were terminated by TCA (10% wt/vol, 250 l) after 15 min color development. The resulting solutions (300 l) were transferred to a 96-well plate, and the absorbance of the mixture (670 nm) was measured. H 2S was calculated against a calibration curve of NaHS (0.01-100 M).
Immunocytochemistry. Cells were fixed by incubating with 4% (vol/vol) paraformaldehyde in PBS for 20 min at room temperature, followed by incubating with 0.1% Triton X-100 in PBS for 15 min. After being blocked in 10% goat serum for 1 h, cells were treated with primary antibody (anti-renin, 1:500) at 4°C overnight. Cells were then rinsed in 1% goat serum in PBS three times, followed by incubation with secondary antibody (anti-mouse, 1:1,000) for 1 h. The photos were taken with fluorescent microscope.
Statistical analysis. All data were presented as means Ϯ SE. Statistical significance was assessed with ANOVA followed by a post hoc (Tukey) test for multiple group comparison. Differences with P value Ͻ0.05 were considered statistically significant. As4.1 cells. cAMP is the most important second messenger to regulate renin degranulation. We first examined the effect of NaHS on cAMP production stimulated by Iso, a ␤-adrenergic receptor agonist, forskolin (an AC activator), and IBMX (a PDE inhibitor). As shown in Fig. 2 , A-C, NaHS at 0.1-10 mol/l significantly decreased cAMP production in As4.1 cells stimulated by either Iso (A, 10 nmol/l), forskolin (B, 1 mol/l), or IBMX (C, 100 mol/l).
RESULTS

Effect of NaHS on cAMP content in
Effect of NaHS on AC activity and PDE activity in As4.1 cells. cAMP level is regulated by AC and PDE. We further examined the effect of NaHS on the activities of these two enzymes. As shown in Fig. 3A , NaHS at 10 mol/l significantly attenuated forskolin-stimulated AC activity. Interestingly, NaHS also stimulated PDE activity by ϳ140% (Fig. 3B) . These data suggest that NaHS may decrease cAMP level by inhibition of AC and stimulation of PDE.
We also examined the effect of NaHS on gene transcription of PDE. NaHS at 10 mol/l had no significant effect on mRNA level of both PDE4A and PDE4B, two important isoforms of PDE in the kidney cells (4, 5, 15) . However, the higher concentration of NaHS (1,000 mol/l) significantly enhanced the transcriptional level of PDE4B (Fig. 3C ). These results suggest that H 2 S at a lower concentration (ϳ10 mol/l) only stimulates the activity of PDE but at a higher concentration (ϳ1,000 mol/l) may also stimulate PDE expression.
Effect of NaHS on intracellular renin protein level in As4.1 cells. We also examined the effect of NaHS on rein degranulation in the As4.1 cells. As shown in Fig. 4A , NaHS at 0.1-10 mol/l concentration dependently increased renin protein level in As4.1 cells. NaHS also attenuated Iso-, forskolin-, and IBMX-stimulated enhancement of renin degranulation. As shown in Fig. 4 , B-D, NaHS at 10 mol/l markedly attenuated the three cAMP-increasing reagents-induced downregulation of renin protein in As4.1 cells. Immunocytochemistry also demonstrated that NaHS at 10 mol/l attenuated forskolinstimulated renin exocytosis, and cytoplasmic renin granules were dramatically salvaged in NaHS-treated As4.1 cells as depicted by typical micrograph (Fig. 5) .
Effect of NaHS on renin activity in the culture medium of As4.1 cells. Since As4.1 cells produce both inactive and active renin, we continued to examine the activity of renin in the culture medium of As4.1 cells. The level of ANG I, which was converted from angiotensinogen under the action of active renin, was measured as an indicator of renin activity. As shown in Fig. 6A , NaHS alone significantly suppressed basal ANG I production in As4.1 cell culture medium in the absence of extra stimulation. Treatment of As4.1 cells with Iso (10 nmol/l) for 15 min markedly increased ANG I in the culture medium of As4.1 from the 0.31 Ϯ 0.06 ng·ml Ϫ1 ·h Ϫ1 (basal level) to 0.6 Ϯ 0.1 ng·ml Ϫ1 ·h Ϫ1 (n ϭ 5, P Ͻ 0.01). Pretreatment with NaHS (10 mol/l) 5 min before and during Iso treatment almost reversed ANG I production to the basal level (0.37 Ϯ 0.02 ng·ml Ϫ1 ·h Ϫ1 , n ϭ 5, P Ͻ 0.05 vs. Iso) (Fig. 6B) . Similarly, NaHS also abolished medium renin activity stimulated by forskolin (Fig. 6C) or IBMX (Fig. 6D) . These data suggest that NaHS may inhibit renin release from As4.1 cells.
Effect of endogenous H 2 S on renin activity in the culture medium of As4.1 cells. To examine the role of endogenous H 2 S in renin release, we first examined the gene expression of CBS and CSE in As4.1 cells. It was found that CSE, but not CBS, was expressed in As4.1 cells (Fig. 7A) . For this reason, we overexpressed CSE in As4.1 cells by transfecting cells with CSE plas- mids. As shown in Fig. 7 , B and C, overexpression of CSEpIRES2-EGFP plasmid upregulated CSE mRNA level and significantly increased H 2 S production in the culture medium.
We further investigated whether the elevated endogenous H 2 S can also decrease renin degranulation from As4.1 cells. The transfected As4.1 cells were incubated with or without 10 nmol/l Iso for 15 min. As shown in Fig. 7D , Iso markedly stimulated renin activity as indicated by the increased ANG I level in the medium of As4.1 cells, but this effect was significantly attenuated by overexpression of CSE. This result suggests that endogenous H 2 S plays an important role in regulation of renin secretion.
H 2 S suppressed renin degranulation in renin-rich kidney cells in a cAMP-dependent manner. The above findings were also confirmed in the rat renin-rich kidney cells.
As shown in Fig. 8A , Iso significantly elevated cAMP level (Fig. 8A) , decreased renin protein content (Fig. 8B ) in renin-rich kidney cells, and increased renin activity in the culture medium (Fig. 8C) . Pretreatment with NaHS for 5 min abolished these effects. These data suggest that H 2 S may also inhibit renin degranulation in juxtaglomerular cells in a cAMP-dependent manner.
DISCUSSION
The renin-angiotensinogen reaction is the first and ratelimiting step in the production of ANG II. Excessive activity of the renin-angiotensin system (RAS) may result in hypertension and disorders of fluid and electrolyte homeostasis. Renin, the first enzyme in the RAS, thus could be one of the most important therapeutic targets for treatment of these diseases. The most important finding in this study is that H 2 S suppresses renin degranulation from As4.1 or rat renin-rich kidney cells by reducing intracellular cAMP level.
The role of endogenous H 2 S in regulation of renin release was also examined in the present study. We first checked the expression of endogenous H 2 S synthase enzymes in As4.1 cells. By examining the mRNA level, we found that As4.1 cells predominantly express CSE, but not CBS. For this reason, we transfected As4.1 cells with CSE cDNA (CSE-pIRES2-EGFP) and found that the overexpression of CSE produced a similar effect as exogenous application of NaHS. The result indicates that both exogenous application of NaHS and stimulation of endogenous H 2 S production are important in regulation of renin secretion in As4.1 cells.
We further examined the underlying mechanism for the inhibitory effect of H 2 S on renin release. Among the second messengers responsible for renin secretion, cAMP is of utmost importance in controlling renin exocytosis (7) . Thus stimulation of ␤-adrenoreceptors is known to enhance renin release. In this study, we found that NaHS markedly suppressed the elevated cAMP level caused by either stimulation of ␤-adrenoreceptors/AC or inhibition of PDE in As4.1 cells. This provides direct evidence to explain why H 2 S inhibited renin release. cAMP is derived from ATP under the action of AC. We further examined the effect of H 2 S on AC activity. We found that H 2 S suppressed AC activity. This finding is consistent with our findings in other tissues (e.g., rat aortic smooth muscle cells and cardiac myocytes) that H 2 S inhibits AC activities in these tissues (12, 21) . cAMP can also be catalyzed by PDE to produce AMP. In the present study, we found that H 2 S also stimulated PDE activity. Although NaHS at 10 M failed to change the mRNA level of PDE, we found that it significantly upregulated mRNA level of PDE4B at a higher concentration (1 mM). These data suggest that H 2 S may only stimulate PDE activity at a physiological situation but may also enhance protein expression of PDE4B in the pathological situations when H 2 S concentration is largely increased.
However, As4.1 cell line is just a renin-containing immortalized renal tumor cell that produces large amounts of inactive renin with limited capacity to release active renin through a cAMP-dependent mechanism. To confirm whether H 2 S produce a similar effect in juxtaglomerular cells, we stimulated renin release from isolated renin-rich kidney cells. We found that H 2 S pretreatment abolished the elevated cAMP level and lowered renin content within Iso-stimulated cells but decreased renin activity in the culture medium. These data suggest that H 2 S is also able to inhibit renin degranulation in juxtaglomerular cells. However, H 2 S pretreatment alone without Iso stimulation has no significant effect on cAMP and renin levels. This implies that the mechanism of H 2 S action on cAMP and renin production lies with the synthesis of cAMP, consistent with our observations in As4.1 cells.
In conclusion, we found for the first time that H 2 S may regulate renin degranulation via regulation of intracellular cAMP production. This may be mediated by both inhibition of AC and stimulation of PDE. Our findings may provide molecular evidence for the therapeutic effect of H 2 S on renindependent hypertension.
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